Black mothers and New Zealand White fathers [(NZB X NZW)F1] female mice develop antibodies to singlestranded (ss) and native DNA, immune complex glomerulonephritis, massive proteinuria, and premature death with renal failure. By a series of matings, congenic (NZB X NZW)Fj * xid/xid mice were prepared. These mice were different from (NZB X NZW)Fj mice in having the X chromosome-linked immune deficiency gene, xid, in homozygous form. Such congenic (NZB X NZW)F, xid/xid females failed to develop antibodies to single-stranded or native DNA. They also failed to develop fatal renal disease as measured by proteinuria, glomerular histology, glomerular immunofluorescence, and survival.
The xid/xid mice failed to produce anti-ssDNA following immunization with ssDNA complexed to a protein carrier in fluid form or even emulsified in adjuvant. Finally, the xid/xid mice failed to produce antiDNA in response to multiple injections of the polyclonal activator, bacterial lipopolysaccharide (LPS), or the polyclonal activator, polyribose inosinic acid. polyribose cytidylic acid. However, the xid/xid mice were neither generally hyporesponsive nor unable to recognize LPS because they made normal antibody responses following immunization with LPS to which multiple trinitrophenyl groups were chemically attached.
We conclude from these studies that xid/xid, which is known to cause the deletion of a B cell subset, has a profound affect upon (NZB X NZW)F1 mice, rendering them insusceptible to the naturally occurring autoimmune disease characteristic of (NZB X NZW)F1 mice, and preventing them from producing antibodies to DNA despite purposeful immunization and polyclonal B cell activation. These results force a reeval- INTRODUCTION The effect of the X chromosome-linked recessive immune deficiency gene, xid,' upon the immune system has been under intensive study for the past 10 yr with regard to both basic immunology (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) . It (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) . Moreover, such B cells are largely responsible for immune responses to certain antigens, especially polysaccharide antigens with repeating subunits (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) . As a result, it might be anticipated that the xid gene might prevent the production of antibodies to DNA.
Previous studies from our laboratory and others have attempted to assess the effect of the xid gene upon the natural history of New Zealand Black mice (NZB) and MRL/lpr/lpr mice. The presence of xid in homozygous or hemizygous form causes a marked reduction in all signs of autoimmunity in NZB mice (17) (18) (19) (20) (21) (23) (24) (25) . However, this disease prevention is overcome by immunization or polyclonal immune stimulation (16, 19, (23) (24) (25) . In contrast to the effect of xid upon NZB disease, MRL/lpr/lpr mice are much less markedly affected (18) (19) (20) (21) (22) . We previously have suggested that because NZB mice have markedly hyperactive B cells that produce large amounts of immunoglobulin M (IgM) (14, 17, 20, [25] [26] [27] [28] [29] , xid would be expected to markedly interfere with the disease of such mice. In contrast, MRL/lpr/lpr mice, which produce predominantly IgG antibodies, would, therefore, be much less markedly affected by xid (18) (19) (20) (21) . Following this line of reasoning, we anticipated that (NZB X NZW)F1 mice, which produce large amounts of IgG antiDNA (16, 21, 30, 31) , would be little altered by xid. We report, herein, results contrary to our expectations and discuss possible implications of those results.
METHODS
Mice. The mice used in this study were bred in our animal facility from stock colonies maintained at the National In-(endotoxin); Lyb 3-, 5-, those B cells that are not reactive with the Lyb 3 and Lyb 5 antisera, and are present in xid/ xid and xid/Y mice; Lyb 3+ and Lyb 5+, B cells reactive with antisera which define a B cell subset, the B cell subset defined by Lyb 3 is largely overlapping with that defined by Lyb 5, these cells are not present in xid/xid or xid/Y mice; MBGG, methylated bovine gamma globulin; (NZB X NZW)Fj mice, F1 hybrid offspring of New Zealand Black mothers and New Zealand White fathers; poly rI rC, polyribose inosinic acid polyribose cytidylic acid; ssDNA-MBGG, the electrostatic complex of single-stranded DNA and methylated bovine gamma globulin; TI-2 antigens, type 2 thymic independent antigens, antigens to which xid/xid and xid/Y mice have impaired responses; TNP-, trinitrophenyl-; TNP-Ficoll, Ficoll to which multiple TNP groups were chemically attached; TNP-LPS, LPS to which multiple TNP groups were chemically attached; xid, X-chromosome linked immune deficiency gene which originated in CBA/ N mice; xid/xid, females homozygous for xid; xid/+, females heterozygous for xid; xid/Y, male hemizygous for xid. stitutes of Health (NIH). These colonies are maintained by the Small Animal Section, Division of Research Services, under the supervision of Dr. Carl Hansen. The heterozygous female NZB xid/+ mice were bred by mating an NZB. xid/xid female with an NZB male, or, alternatively by mating an NZB female with an NZB-xid/Y male. In all these designations, the sex chromosome gene assignments are shown. The NZB* xid/+ females were then bred with an NZW * xid/Y male. The offspring of these matings were as follows: (NZB X NZW)F1 * xid/xid females, (NZB X NZW)Flxid/+ females, (NZB X NZW)F1 xid/Y males, and (NZB X NZW)F1i +/Y males. The congenic NZB mice used in this study were 99% inbred. As a result, the NZB* xid/+ females were >99% NZB. The NZW * xid/Y male used was slightly >97% inbred. As a result, the (NZB X NZW)F1 -xid/xid and control (NZB X NZW)F1 xid/+ females were >98% (NZB X NZW)F,. The exact extent of inbreeding was of some concern to us. As a result, we carried out a detailed comparison of littermate (NZB X NZW)F1 * xid/xid females and (NZB X NZW)F1 * xid/+ females. These mice, with an identical degree of inbreeding, differed primarily in the presence or absence of xid in homozygous form.
In a second series of studies, we performed the reciprocal cross. NZW * xid/+ females (99.2% inbred) were mated with NZB xid/Y males (99.6% inbred) to produce 124 female offspring, 65 (NZW X NZB)F1 xid/xid and 59 (NZW X NZB)Fi * xid/+. These mice were studied in a manner similar to the (NZB X NZW)F1 xid/xid and xid/+ mice, only with a lag period of -4-6 mo.
Distinction between xid/xid and xid/+ mice. Assignments of mice to the xid/xid or xid/+ genotype were made on the basis of serum IgM concentrations at -8 wk of age as described (25) . Briefly, serum IgM concentrations were determined by radial immunodiffusion using plates impregnated with antibodies specific for the heavy chain portion of mouse IgM (anti-Mu). Those The ligand for the native DNA assay was almost completely double stranded in that <5% bound to a rabbit antibody to ssDNA. This antibody bound 100% of the "4C-ssDNA (prepared by heating the "4C-DNA to 100°C for 10 min and rapid cooling). This latter material was the ligand used for assay of antibodies to ssDNA. The independence of the ssDNA and native DNA assays was further demonstrated by the ability of individual sera to bind >80% of one ligand and <20% of the other ligand and vice versa. In every assay, known positive and negative controls were run with the test samples and gave expected results.
IgG and IgM anti-DNA antibodies were measured by a solid phase radioimmunoassay as described (21) .
Clinical studies. The protein concentration of freshly voided urine was determined for each mouse by assessing the color change of calibrated tetrabromphenol paper and the results of two consecutive determinations averaged. In preliminary studies, we demonstrated that this method correlated very well with protein analysis of urine collected in metabolic cages. At least five mice at each of several ages were killed for analysis of renal histology. Kidneys were fixed in 10% neutral buffered formalin and prepared for routine light microscopy according to standard techniques. Histological evaluation was carried out on thin sections stained with hematoxylin-eosin. 25 glomeruli of each specimen were graded semiquantitatively by a "blinded" observer as described (34) . Immunofluorescence using fluorescein-tagged rabbit antimouse Ig was graded as described (35) . Mice 
RESULTS
Preliminary comparisons between (NZB X NZW)F1 and (NZB X NZW)F1 -xid/xid mice. Initially, 50 female (NZB X NZW)F1 and 50 female congenic xid/xid mice were compared with regard to the development of proteinuria, antibodies to DNA, and survival (Table I ). The (NZB X NZW)F1 * xid/xid mice failed to manifest major abnormalities of any of these measures. This was contrary to our expectations. Be- cause (NZB X NZW)F1 mice make substantial IgG antiDNA responses, we expected xid to offer very little protection against disease in these mice. In this study, the mice were not housed in the same cages, their weights differed somewhat, and we feared that the degree of inbreeding of congenic mice might have been inadequate. We, therefore, carried out a large experiment in which the controls were designed to be littermates of the congenic mice with equal inbreeding and environments.
Production of littermate female (NZB X NZW)F1. xid/xid and (NZB X NZW)F1 xid/+ mice. Female NZB mice were prepared such that they were heterozygous for xid. These NZB* xid/+ females were mated with an NZW -xid/Y male. The female offspring, theoretically, would have a 50% chance of being (NZB X NZW)F1 xid/+ and a 50% chance of being (NZB X NZW)F1 * xid/xid. The results of these matings were very close to the expected: of the first 126 females produced, 62 were xid/+ and 64 were xid/xid. These mice were then kept as littermates in the same cages. Individual mice were distinguished by ear tagging. Because xid/+ females of other crosses do not bear the Spontaneous production of antiDNA by (NZB X NZW)F, -xid/xid mice. Antibodies to ssDNA were detected in the control xid/+ mice when tested at 4 mo of age. The amount rose until 6 mo of age, after which there was a slight decline. In contrast, the xid/ xid mice failed to make substantial amounts of antissDNA (Fig. 1) . Antibodies to native DNA were not detected in large quantity in the xid/+ mice until after 5 mo of age (Fig. 2) . However, large amounts of antinative DNA were made at all times thereafter. In individual xid/+ mice, the amount of ssDNA and/or native DNA antibodies often declined a few weeks before dying with marked proteinuria (data not shown). In contrast to the antiDNA produced by the xid/+ females, the littermate xid/xid females failed to produce anti-native DNA (Fig. 2) . Data similar to those shown for the (NZB X NZW)Fj mice were also obtained for (NZW X NZB)Fl xid/xid and (NZW X NZB)Fl xid/+ mice (not shown).
Development of proteinuria in congenic xid/+ and xid/xid (NZB X NZW)F1 mice. Average proteinuria increased steadily between 6 and 9 mo of age in the xid/+ females, but did not in the xid/xid female littermates (Fig. 3) . This was also true of (NZW X NZB)Fl littermates (data not shown).
Weights of the mice. In view of the effect of the weight and diet upon the natural history of (NZB X NZW)Fj females (38-43), we checked to be certain that differences in natural history between xid/+ and xid/xid mice might be due to differences in weight. They could not be due to differences in diet because the mice were housed in the same cages. We found that the mice did not differ between 2 and 7 mo of age. We did not measure weight beyond that age because effects of renal failure might be manifested in later weight determinations. The weights at 6 mo of age are shown in Table II . Also shown are spleen weights of these mice. Spleen enlargement was found in xid/+ but not xid/xid mice (Table II) .
Glomerular pathology in (NZB X NZW)F1 xid/xid mice. Each kidney was graded, and the grades of the mice were averaged to provide a glomerular severity score as described (34) . The xid/xid females had much less severe renal histological disease (Fig. 4) and much less immunoglobulin in the kidneys as determined by immunofluorescence (Fig. 5 ) than did the phenotypically normal xid/+ mice.
Effect of xid upon the survival of (NZB X NZW)Fj There was a progressive increase until 6 mo of age. Thereafter, the anti-ssDNA varied, but remained high. In individual mice, anti-ssDNA fell just before death. In contrast, the (NZB X NZW)* xid/xid mice made very little anti-ssDNA. Their values were not elevated at 1 yr of age (data not shown). Although a few xid/xid mice made anti-ssDNA, the groups were significantly different, P < 0.01, at all ages starting at 4 mo. A total of 64 xid/xid mice were studied at all points. A total of 62 xid/ + mice were studied through 6 mo of age; 59 xid/+ mice were studied at 7 mo and 50 xid/ + mice at 8 mo of age. 2 Effect of xid/xid upon spontaneous production of antibodies to native DNA. Antibodies to native DNA did not appear until 6 mo of age in the control (NZB X NZW)F1 * xid/ + mice (open circles). This was substantially later than the appearance of anti-ssDNA in these mice (compare with Fig. 1 ). The antibodies to native DNA increased in amount until 7-8 mo of age. Although a few xid/xid mice made antiDNA, the (NZB X NZW)Fj xid/xid group produced significantly less than did the xid/+ group, P < 0.01, at 6, 7, and 8 mo of age. The same mice studied in Fig. 1 were also studied in Fig. 2. mice. The failure to develop antibodies to ssDNA or native DNA, the failure to develop renal immune complex deposits in great quantity of severe renal histological abnormalities, and the failure to develop massive proteinuria all suggested strongly that the (NZB X NZW)F1 * xid/xid mice were substantially protected from the usual disease of (NZB X NZW)F1 mice. It was, therefore, no longer surprising to us that a formal survival study indicated a marked prolongation of life in (NZB X NZW)F1 mice bearing the xid defect (Fig.  6) . Similarly (NZW X NZB)F1 xid/xid mice had prolonged survival (Fig. 6) .
Failure to immunize (NZB X NZW)F1 * xid/xid mice to ssDNA-MBGG. All of the above findings suggested that the (NZB X NZW)F1 * xid/xid mice might be incapable of producing large amounts of antibody to ssDNA even if immunized. 2-mo-old females were injected with 100 ,g ssDNA complexed with MBGG and bled 7, 14, 18, 22, and 29 d later. At no time did the xid/xid females produce anti-ssDNA (Fig. 7) . In contrast, nondefective control mice made a good response. Additional mice were immunized with 100 jig ssDNA complexed with MBGG and emulsified in CFA. Again, the (NZB X NZW)F1 -xid/xid mice failed to produce antibodies to this challenge immunization whereas the nonxid/xid control (NZB X NZW)F1 mice responded with the production of large amounts of antibody ( Failure to stimulate (NZB X NZW)F1 * xid/xid mice to produce anti-ssDNA with either LPS or poly rIrC. The failure of (NZB X NZW)F1 * xid/xid mice to produce much antiDNA, either during the course of their natural history or after immunization with ssDNA complexed to a protein carrier and emulsified with CFA, raised a question as to whether standard polyclonal immune stimulation might not work. Groups of (NZB X NZW)F1 * xid/xid mice injected with either LPS or poly rI * rC failed to make anti-ssDNA, whereas their littermates who were xid/+ produced large FIGURE 4 Effect of xid/xid upon glomerulonephritis in (NZB X NZW)F1 females. Control (NZB X NZW)F1 * xid/+ mice had mild glomerular histological abnormalities at 7 mo of age, but marked glomerulonephritis at 9 and 11 mo of age. The xid/xid mice demonstrated only minimal glomerular changes at all ages studied. This was significantly less than that of xid/+ mice, P < 0.05 at 7 and 11 mo and P < 0.01 at 9 mo. 8 xid/+ and 8 xid/xid mice were studied at each time point except the last at which time 18 xid/xid mice were studied. Effect of xid/xid upon glomerular immunoglobulin deposition. Glomerular immunoglobulin deposition was measured by immunofluorescence using an antimouse immunoglobulin reagent. Substantial fluorescence was found by 7 mo of age in the control (NZB X NZW)F1 -xid/+ mice. In contrast, very little immunofluorescent staining was observed in the (NZB X NZW)F1 * xid/xid mice at any age. The xid/xid group was significantly different from the xid/+ group at 7 mo, P < 0.05 and at 9 and 11 mo, P < 0.01. The mice studied in Fig. 4 were also studied here. amounts (Fig. 9) . It is, of course, possible that more prolonged stimulation might induce anti-ssDNA; however, the stimulation provided was quite sufficient to induce large amounts of antibody in the littermate controls.
Immunization with TNP-LPS and TNP-Ficoll. The failure of (NZB X NZW)F1 * xid/xid mice to spontaneously produce antiDNA or to be polyclonally or specifically stimulated to make antiDNA forced us to determine that they could, in fact, respond to immunization. Mice were injected intraperitoneally with TNP9-LPS or TNP-35-Ficoll and bled 5 d later. Both xid/xid and xid/+ mice responded to TNP-LPS (Table  III) therefore, very surprised by the initial series of studies that indicated that xid in homozygous form virtually abolished disease in most (NZB X NZW)F1 mice. Those studies showed that antiDNA, proteinuria, and survival were markedly normalized by the xid gene.
In the initial studies, we compared (NZB X NZW)F1 * xid/xid mice with (NZB X NZW)F1 * +/ + mice. Because the xid/xid mice were not completely inbred, it remained possible that their failure to de- (47, 48) . However, the (NZB X NZW)F1 * xid/xid mice did respond to immunization with TNP-LPS; therefore, the mice were not generally hyporesponsive. Rather, they appeared to be specifically and profoundly hyporesponsive to a subset of antigens. This is consistent with the idea that xid leads to the deletion of a B cell subset (1-13), which is responsible for the production of antibody to certain type being stimulated to overcome it (16, 19-21, 23, 25) . In the (NZB X NZW)F1 mice, it appears that the effect of xid is even more profound than in NZB mice; in (NZB X NZW)F1 mice, xid profoundly reduces the ability to produce antiDNA. Such observations suggest that all processes of immune responsiveness to DNAnatural immunization, specific exogenous immunization, and polyclonal immune activation-are inhibited. The cellular basis of this defect has not been defined herein. We found that the xid/xid mice responded perfectly well to immunization with TNP-LPS. Therefore, we cannot attribute their failure to make antiDNA to nonspecific immune suppression. For similar reasons, the response to TNP-LPS indicates that the xid/xid mice could recognize LPS even though they failed to demonstrate the polyclonal antiDNA response seen in the xid/+ mice.
Genetic studies have suggested that there is a single gene that plays the major role in leading to spontaneous and induced antibodies to DNA in NZB mice (49, 50) . Therefore, it could be argued that either xid itself, or a closely linked gene controlling antibody responses to nucleic acids, might have led to the observed results, and that the present observations are unrelated to the effects of xid upon B cell subsets. However, prior studies have demonstrated that the genes controlling such responses are not on the X chromosome and that any apparent X-linked effect is related to sex hormones (51) . Therefore, we believe that it is extremely unlikely that the results obtained herein are related to an X chromosome-linked gene controlling antibody responses to nucleic acids. However, it is possible that a gene on the X chromosome near xid could influence the magnitude of such responses. Our studies of (NZW X NZB)F1 * xid/xid mice argue against another gene unless it is very closely linked to xid. The parents of those mice each had over 20 backcrosses during which crossover events on the X chromosome could have occurred. In the (NZW X NZB)F1 mice, xid/xid littermates failed to manifest autoimmune disease, whereas xid/+ littermates did. As our inbreeding continues and more and more crossover events take place on the X chromosome, the continued absence of antinucleic acid antibody responses makes less and less likely an important X linked gene controlling such responses independent of xid.
It has been found that the Lyb 3-5-B cells, those present in xid/xid mice, cannot receive and respond to signals from T cell helper factors (52) (53) (54) or from anti-Lyb 3 signals (8) . Therefore, if in (NZB X NZW)F1 mice the immune response to DNA has a very strong requirement for such signals, and they are not possible in (NZB X NZW)F1 * xid/xid mice, it might not be surprising that such mice fail to produce antiDNA antibodies despite immunization or polyclonal activation.
Moreover, the inability of the xid/xid Lyb 5-B cells to respond to immunization with DNA may not relate to B cell:T cell interactions so much as to macrophage:B cell interactions since it has been found that Lyb 5-B-cells have a markedly reduced ability to receive activation signals from macrophages (13) and xid mice may have a structural macrophage abnormality (55) 
